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ABSTRACT NAD (NAD�) is a cofactor related to many cellular processes. This cofac-
tor is known to be unstable, especially at high temperatures, where it chemically de-
composes to nicotinamide and ADP-ribose. Bacteria, yeast, and higher organisms
possess the salvage pathway for reconstructing NAD� from these decomposition
products; however, the importance of the salvage pathway for survival is not well
elucidated, except for in pathogens lacking the NAD� de novo synthesis pathway.
Herein, we report the importance of the NAD� salvage pathway in the thermophilic
bacterium Thermus thermophilus HB8 at high temperatures. We identified the gene
encoding nicotinamidase (TTHA0328), which catalyzes the first reaction of the NAD�

salvage pathway. This recombinant enzyme has a high catalytic activity against nico-
tinamide (Km of 17 �M, kcat of 50 s�1, kcat/Km of 3.0 � 103 s�1 · mM�1). Deletion of
this gene abolished nicotinamide deamination activity in crude extracts of T. thermo-
philus and disrupted the NAD� salvage pathway in T. thermophilus. Disruption of the
salvage pathway led to the severe growth retardation at a higher temperature
(80°C), owing to the drastic decrease in the intracellular concentrations of NAD� and
NADH.

IMPORTANCE NAD� and other nicotinamide cofactors are essential for cell metabo-
lism. These molecules are unstable and decompose, even under the physiological
conditions in most organisms. Thermophiles can survive at high temperatures where
NAD� decomposition is, in general, more rapid. This study emphasizes that NAD�

instability and its homeostasis can be one of the important factors for thermophile
survival in extreme temperatures.
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NAD (NAD�) is an essential molecule for cellular metabolism. It serves as an electron
donor/acceptor for many redox reactions in cellular metabolism. It also serves as

a precursor for NADP� and a substrate for both bacterial DNA ligases and ADP ribosyl
transferases (1, 2). Due to its importance as a cofactor for many oxidoreductases, NAD�

is also an essential compound in biotechnology applications (3); however, NAD� is
known to be chemically unstable, especially at high temperatures, where it nonenzy-
matically decomposes to ADP-ribose and nicotinamide (4, 5).

Cells need to maintain a certain concentration of NAD� for metabolism, and
different organisms possess different pathways for synthesizing NAD�, such as the de
novo biosynthesis pathway and the salvage pathway (6). In the salvage pathway,
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decomposition products from NAD� are used for reconstructing the molecule. Many
bacteria possess the salvage pathway initiated from the deamination of nicotinamide
to nicotinate by nicotinamidase (2). Nicotinate is further converted to nicotinate
mononucleotide (NaMN), nicotinate adenine dinucleotide (NaAD), and finally to NAD�

via the Preiss-Handler pathway (7, 8) (Fig. 1).
In our previous studies, we recognized that the decomposition of NAD� and the

consequent decrease in NAD� concentrations at high temperatures are major obstacles
for the biocatalytic manufacturing of value-added chemicals, in particular, with ther-
mophilic enzymes (9, 10). As a solution, our group constructed an “in vitro synthetic
pathway” for the salvage synthesis of NAD� from its decomposition products (5). For
the pathway construction, five of six enzymes required for the salvage pathway were
predicted from the Thermus thermophilus HB8 genome information, and the catalytic
activities of these enzymes were confirmed by in vitro experiments (Fig. 1); however,
nicotinamidase, which catalyzes the first reaction of this pathway, was not found in the
genome annotation data for this organism.

T. thermophilus HB8 is a thermophilic Gram-negative bacterium that has an opti-
mum growth temperature between 65°C and 72°C and can grow at temperatures up to
85°C (11). Considering the thermal instability of NAD�, the NAD� salvage synthesis is
expected to be one of the important strategies for coping with the thermal degradation
of the cofactor, especially for thermophiles. To our knowledge, however, the impor-
tance of the salvage pathway in vivo at high temperatures has not been described.
Therefore, we predicted that T. thermophilus would possess a complete set of enzymes
required for this pathway and hypothesized that the salvage pathway in T. thermophilus
would play an important role for the homeostasis of NAD� availability at high tem-
peratures.

In this study, we identified and characterized the nicotinamidase of T. thermophilus

FIG 1 Salvage pathway for NAD�. The moieties used for the salvage synthesis of NAD� are represented with
different colors (pyridine, yellow; ribose, green; amino group, red). The de novo biosynthesis pathway for NAD� is
also shown with dashed lines. NAD, NAD�; NAM, nicotinamide; NA, nicotinate; ADPR, ADP-ribose; R5P, ribose
5-phosphate; PRPP, phosphoribosyl diphosphate; NaMN, nicotinate mononucleotide; NaAD, nicotinate adenine
dinucleotide; QA, quinolinate; NAMase, nicotinamidase; NaMAT, nicotinate mononucleotide adenylyltransferase;
NaPRT, nicotinate phosphoribosyltransferase; ADPRP, ADPR pyrophosphatase; RPK, ribose-phosphate pyrophos-
phokinase; NADS, NAD� synthase.
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HB8 that catalyzes the first reaction of the salvage synthesis of NAD� and confirmed
that T. thermophilus HB8 possesses the functional salvage pathway for NAD�. Addi-
tionally, we showed that this salvage pathway is essential for maintaining the intracel-
lular concentration of NAD�/NADH and therefore is important for cell growth of T.
thermophilus HB8, especially at high temperatures.

RESULTS
Prediction of the gene encoding nicotinamidase in T. thermophilus HB8. A homol-

ogy search of nicotinamidase was performed against the protein databases of T.
thermophilus HB8 using BLASTP. As a query sequence, we used the nicotinamidase from
Saccharomyces cerevisiae (UniProt accession number P53184), whose physiological
function as a nicotinamidase has been experimentally confirmed (12). As a result, the
protein encoded by TTHA0328, which was annotated as a probable isochorismatase,
showed significant similarities in the amino acid sequences (93% query coverage, 39%
identity, and E value of 3E�28).

Multiple sequence alignments with previously described nicotinamidases revealed
that the product of TTHA0328 has several amino acid residues that are well conserved
among the known nicotinamidase enzymes, six of which are reported to be important
for the catalytic activity of nicotinamidase (D26, K109, and C142 for the catalytic triad
motif, and D69, H71, and H84 for the metal ion-binding motif) (13–17) (Fig. 2).

Characterization of the product of TTHA0328. Based on the prediction, TTHA0328
was overexpressed in Escherichia coli Rosetta 2 (DE3) pLysS as a recombinant protein.
After heat treatment, the crude lysate was separated by size exclusion chromatography.

FIG 2 Multiple-sequence alignment of TTHA0328 and other nicotinamidases. The multiple-sequence alignment was performed with ClustalOmega and
visualized by ESPript. UniProt accession numbers and organisms from which proteins were sourced are shown on the left side. The position of amino acid
residues based on T. thermophilus TTHA0328 product (Q5SLG5) is shown. The complete or partially conserved amino acids are colored in red. Triangles and
circles indicate the amino acid residues important for the catalytic triad motif and the metal ion-binding motif, respectively.
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The activity was confirmed in several fractions by high-pressure liquid chromatography
(HPLC) analysis, as described in Materials and Methods. The protein homogeneity of
high-activity fractions was confirmed by SDS-PAGE (see Fig. S1 in the supplemental
material). These fractions were pooled and used for the characterization of this protein.

The specific activity toward nicotinamide was determined at different pHs and
temperatures. The enzyme showed maximum activity at pH 9.0, and above 50% of the
maximum activity was confirmed at a broad range of pHs from 6.0 to 9.5 (Fig. 3A).
Activity dropped quickly at pH 10.0, which is higher than the previously reported lethal
pH for T. thermophilus HB8 (11). The optimal temperature for enzyme activity was
determined to be 65°C, which is comparable to the optimal temperature for T. ther-
mophilus HB8 cell growth (65°C to 72°C) (11) (Fig. 3B). The enzyme was active at
relatively high temperatures. At 80°C, the enzyme displayed �60% of the activity
observed at the optimal temperature of 65°C. The thermostability of the enzyme was
quantified by incubating the enzyme at different temperatures for 1 h. The enzyme
maintained 95% activity after incubation at 60°C, while the activity decreased to 20%
after incubation at 80°C (Fig. 3C).

Based on the result above, the enzyme kinetic parameters were determined at pH
9 at 65°C. This enzyme has a relatively low Km value of 17 �M and high kcat value of 50
s�1 against nicotinamide (see Fig. S2). The kinetic parameters of nicotinamidase have
been studied in different bacteria (Mycobacterium tuberculosis [17], Streptococcus pneu-
moniae [18], and Oceanobacillus iheyensis [16]), archaea (Acidilobus saccharovorans [19]),
and eukaryotes (Saccharomyces cerevisiae [12]). The kinetic parameters determined in
this study are comparable to those of nicotinamidases previously reported from other
organisms (Table 1).

The product of TTHA0328 was annotated as isochorismatase from its amino acid
sequence. Nicotinamidases belongs to the cysteine hydrolase superfamily, along with
other subfamilies, including isochorismatase (EC 3.3.2.1), N-carbamoylsarcosine amido-
hydrolase (EC 3.5.1.59), nicotinamidase-related protein, and a functionally unknown

FIG 3 Optimal pH and temperature for the activity and thermotolerance of the enzyme. (A) Nicotinamidase
activities at different pHs are shown. Triangles, squares, and circles represent activities in different buffers (MES,
HEPES, and CHES, respectively). Activities are normalized to the maximum activity at pH 9 and are shown as
percentages. (B) Activities at different temperatures are shown. Activities were normalized to the maximum activity
at 65°C and are shown as percentage. (C) Residual activities after heat treatment at different temperatures are
shown. These activities were normalized by the enzymatic activity without heat treatment (control) and are shown
as percentages. Averages and the standard errors from triplicates are shown.

TABLE 1 Kinetic parameters of nicotinamidases from different organisms

Organism Km (�M) kcat (s�1) Reference

T. thermophilus 17 50 This study
S. pneumoniae 2.7 2.1 14
S. cerevisiae 9.6 0.69 43
M. tuberculosis 14 3.1 44
A. saccharovorans 1.8 � 102 77 19
O. iheyensis 2.6 � 102 12 16
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YcaC-related protein (20). The classification of these proteins is challenging because of
the high similarity in their amino acid sequences (2). In the phylogenetic tree, a high
similarity of proteins from the cysteine hydrolases superfamily was observed (Fig. 4).
Proteins experimentally characterized as isochorismatase belong to group I. On the
other hand, proteins experimentally characterized as nicotinamidase belong to two
distinct groups, one described as nicotinamidase (group II) and the other described as
cysteine hydrolase not belonging to any specific subfamilies (group III) (20). The
nicotinamidase characterized in this study belongs to group III in the phylogenetic tree,
along with other proteins functioning as nicotinamidases.

Considering the catalytic activity at a wide range of pHs as well as at high temper-
atures, the kinetic parameters, and the similarity of its amino acid sequence with other
nicotinamidases, we showed that the product of TTHA0328 is a physiologically func-
tional nicotinamidase in T. thermophilus HB8.

A single nicotinamidase in T. thermophilus. To investigate other candidates of
nicotinamidase in T. thermophilus, a deletion experiment and the following biochemical
assay were performed. The deletion strain of TTHA0328 (ΔTTHA0328) was constructed,
as described in Materials and Methods (see Fig. S3). The wild-type strain of T. thermo-
philus HB8 (WT) and the ΔTTHA0328 deletion strain were both cultured in a complex

FIG 4 Phylogenetic tree of nicotinamidases and other cysteine hydrolases. The light green line with an
asterisk represents the product of TTHA0328. Lines in light green indicate the proteins that were experi-
mentally characterized as isochorismatase (no. 1 to 4) or nicotinamidase (no. 5 to 10). Blue, orange, red, dark
green, and purple lines indicate the protein species belonging to the subfamilies isochorismatase (ISCase),
nicotinamidase (NAMase), YcaC-related proteins, NAMase-related proteins, and N-carbamoylsarcosine ami-
dohydrolase (CSHase), respectively, according to the NCBI conserved protein domain family. Black lines
indicate the proteins belonging to the cysteine hydrolase superfamily but not to specific subfamilies. 1,
P0C6D3 from V. cholerae (ISCase); 2, Q6W4P9 from V. anguillarum (ISCase); 3, Q7DC80 from Pseudomonas
aeruginosa (ISCase); 4, P0ADI4 from E. coli (ISCase); 5, A0A0H2UR34 from S. pneumoniae (NAMase); 6,
Q8ESQ6 from O. iheyensis (NAMase); 7, D9Q1R5 from A. saccharovorans (NAMase); 8, P53184 from S.
cerevisiae (NAMase); 9, A4HRG8 from L. infantum (NAMase); 10, O58727 from P. horikoshii (NAMase); 11,
B0VA03 from A. baumannii (NAMase); 12, I6XD65 from M. tuberculosis (NAMase).
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medium, and crude lysates were prepared for determining the residual nicotinamidase
activity. The lysate of the ΔTTHA0328 deletion strain showed no detectable nicotinami-
dase activity, while that of the WT showed the activity of 0.111 � 0.002 U/mg of total
protein (see Fig. S4). This result showed that the product of TTHA0328 was the only
enzyme functioning as a nicotinamidase in T. thermophilus HB8.

Effects of nicotinamidase gene deletion on cell growth at different tempera-
tures. The salvage pathway for NAD� initiates from the deamination of nicotinamide
to nicotinate in most bacteria; therefore, the deletion of nicotinamidase disrupts the
salvage pathway by halting the nicotinate supply (Fig. 1). We evaluated the influence
of TTHA0328 deletion on cell growth in minimal medium with or without nicotinate
supplement. Two different temperatures were used for the evaluation: 70°C, which is
within the optimal growth temperature of T. thermophilus HB8, and 80°C, which is
higher than the optimal temperature. First, we confirmed that the addition of nicotinate
to the medium did not influence the cell growth of the WT at either 70°C or 80°C (Fig.
5A and B). At 70°C, the ΔTTHA0328 deletion strain showed little or no difference in cell
growth with or without nicotinate supplementation, and the cell growth was compa-
rable to that of the WT strain (Fig. 5A and C). On the contrary, the growth of the
ΔTTHA0328 deletion strain was strongly suppressed when the temperature was ele-
vated from 70°C to 80°C. This growth suppression of the ΔTTHA0328 deletion strain at
80°C was restored by nicotinate supplementation (Fig. 5D). These results indicated that
the nicotinate supply to the NAD� salvage pathway is limiting for cell growth of the
ΔTTHA0328 deletion strain at 80°C.

Intracellular concentration of NAD�/NADH of the �TTHA0328 deletion strain
at different temperatures. To evaluate the effect of TTHA0328 deletion on the salvage

FIG 5 Cell growth of T. thermophilus WT and ΔTTHA0328 deletion strains at different temperatures. The
cell growth of the WT strain (A and B) and the ΔTTHA0328 deletion strain (C and D) without nicotinate
supplementation (�NA) and with nicotinate supplementation (�NA) are shown. The cultivation tem-
peratures are 70°C (A and C) and 80°C (B and D). The y axes are in the logarithmic scale. Averages and
standard errors from biological triplicates are shown.
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synthesis of NAD�, we measured the total concentration of NAD�/NADH inside cells of
the WT and the ΔTTHA0328 deletion strain at two different temperatures of 70°C and
80°C. Although TTHA0328 deletion did not markedly affect cell growth at 70°C, its effect
on the intracellular concentration of NAD�/NADH was already significant at this
temperature (Fig. 6A). At 80°C, the NAD�/NADH concentration drastically decreased in
the ΔTTHA0328 deletion strain to 0.09 � 0.05 �mol/g (dry weight) cells (Fig. 6B). Both
at 70°C and at 80°C, the addition of nicotinate could cancel the effect of TTHA0328
deletion. These results demonstrated that the product of TTHA0328 and the NAD�

salvage pathway in T. thermophilus HB8 play an essential role for maintaining the
NAD�/NADH availability in cells, especially at high temperatures.

DISCUSSION

The availability of NAD� is essential for cell growth. For example, the growth of
Escherichia coli was severely suppressed under limited availability of intracellular NAD�

(21). Many organisms possess distinct types of pathways for the salvage synthesis of
NAD�, in which chemical and/or enzymatic degradants of NAD� (e.g., nicotinamide
and nicotinate) can be directly utilized as building blocks of the cofactor resynthesis (2,
6). Some nicotinate-auxotrophic yeasts (22) and pathogenic microorganisms (23–25)
are known to grow even without a de novo synthetic pathway for NAD�, indicating the
importance of the salvage pathway in these organisms. In addition, the growth of
thermophiles also appears to be highly dependent on the salvage pathway because of
the thermally unstable nature of NAD�. Nevertheless, the contribution of the salvage
pathway to NAD� availability in thermophiles, including T. thermophilus, has not been
fully examined. In this study, we demonstrated that TTHA0328 encodes a functional
nicotinamidase, which catalyzes the initial reaction of the NAD� salvage pathway, in T.
thermophilus HB8 and that the salvage pathway is crucial for the bacterial growth at
high temperatures.

To cope with a hot environment, thermophiles are equipped with a variety of
molecular mechanisms, such as the stabilization of DNA, RNA, proteins, and lipid
membranes (26–28). Reverse gyrase is known to be a protein unique to thermophilic
organisms (29), and its essentiality at high temperature was reported in Thermococcus
kodakarensis (30) and Pyrococcus furiosus (31). Although nicotinamidases are conserved
not only in thermophiles but also in mesophilic organisms, our study highlighted that
this enzyme and the NAD� salvage pathway is essential for a thermophilic model
bacterium, T. thermophilus HB8, as a strategy to live with the thermal instability of
NAD� at high temperatures.

FIG 6 Intracellular concentration of NAD�/NADH. The intracellular concentration of NAD�/NADH is
shown for the WT strain and the ΔTTHA0328 deletion strain grown at 70°C (A) and 80°C (B). The
concentration was determined without nicotinate addition (�NA) and with nicotinate addition (�NA).
Averages and standard errors from triplicates are shown. CDW, cell dry weight.
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Homology and literature searches revealed that nicotinamidases are widely distrib-
uted in thermophilic organisms, regardless of whether they are bacteria/archaea or
aerobic/anaerobic. For example, a nicotinamidase was identified in the anaerobic
archaeon Pyrococcus horikoshii (13), and the catalytic activity of a nicotinamidase from
the aerobic archaeon Thermoplasma acidophilum was experimentally confirmed (5).
Furthermore, the presence of a nicotinamidase gene was predicted in many thermo-
philic organisms, such as the anaerobic archaeon T. kodakarensis, the aerobic archaeon
Aeropyrum pernix, the anaerobic bacterium Thermotoga maritima, and the aerobic
bacterium Aquifex aeolicus (2). On the other hand, several thermophiles, such as
Nanoarchaeum equitans, Thermosynechococcus elongates, Methanobacterium thermoau-
totrophicum, and Methanocaldococcus jannaschii, are reported to have no nicotinami-
dase homologue (2). N. equitans is an obligate symbiont of the Ignicoccus genus and
expected to obtain NAD� or its precursors from the symbiont (32, 33). T. elongates
possesses a gene encoding a putative nicotinate phosphoribosyltransferase (NaPRT),
which is involved in the salvage synthesis of NAD� and therefore may have an
alternative route to supply nicotinate to the salvage pathway. By contrast, genes
involved in NAD� salvage synthesis are not found in thermophilic methanogenic
archaea M. thermoautotrophicum and M. jannaschii (2, 6). These facts indicate that the
NAD� salvage pathway is not necessarily conserved among all thermophiles. However,
considering the importance of NAD� for cell metabolisms and its thermal instability, it
would be reasonable to expect that these thermophiles have an alternative molecular
apparatus to manage the thermal degradation of NAD�. Further studies would be
needed to elucidate the mechanisms underlying the intracellular cofactor homeostasis
of these organisms.

MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides used in this study. Bacterial strains, plasmids,

and oligonucleotides and their sequences are listed in Table 2. The E. coli Rosetta 2 (DE3) pLysS strain and
the DH5� strain were purchased from Merck Millipore, Germany, and TaKaRa BIO, Japan, respectively. T.
thermophilus HB8 was obtained from BioResource Center, RIKEN, Japan. The expression plasmid, pET11a-
TTHA0328, as well as the plasmid encoding highly thermostable kanamycin nucleotidyltransferase (HTK)
for the kanamycin resistance marker were obtained from the T. thermophilus HB8 gene expression library
(BioResource Center, RIKEN, Japan) (34, 35). All oligonucleotides were purchased from Integrated DNA
Technologies, USA.

Multiple-sequence alignment. Multiple-sequence alignment was performed by Clustal Omega and
visualized by ESPript (36). Nicotinamidase sequences from different organisms were used for comparison
(UniProt accession number P53184 from S. cerevisiae, A4HRG8 from Leishmania infantum, O58727 from
P. horikoshii, D9Q1R5 from A. saccharovorans, I6XD65 from M. tuberculosis, A0A0H2UR34 from S. pneu-
moniae, B0VA03 from Acinetobacter baumannii, and Q8ESQ6 from O. iheyensis).

TABLE 2 Bacterial strains, plasmids, and oligonucleotides

Designation Description Source or purpose

Strains and mutations
Rosetta 2 (DE3) pLysS E. coli used for protein expression Merck Millipore, Germany
DH5� E. coli used for cloning TaKaRa, Japan
T. thermophilus HB8 Wild type BioResource Center, RIKEN, Japan.
ΔTTHA0328 TTHA0328 deletion strain of T. thermophilus This work

Plasmids
pET11a-TTHA0328 Expression plasmid for nicotinamidase BioResource Center, RIKEN, Japan
pUC19-HTK Source of thermostable kanamycin resistance cassette BioResource Center, RIKEN, Japan
pUC19-ΔTTHA0328 Plasmid for TTHA0328 deletion, containing HTK gene This work

Oligonucleotides
U-F 5=-ATTCGAGCTCGGTACCCGGGGGAGACCCGGTCCCCGTA-3= PCR for upstream region of TTHA0328
U-R 5=-GCCGTCAACGCACCTGGACCATGCCCTC-3= PCR for upstream region of TTHA0328
D-F 5=-GGTCCAGGTGCGTTGACGGCGGATATGG-3= PCR for downstream region of TTHA0328
D-R 5=-AAACAAACCGCGTAACCAACATGATTAAGAATTATTAGAGG-3= PCR for downstream region of TTHA0328
HTK-F 5=-GTTGGTTACGCGGTTTGTTTGAGCACCCCG-3= PCR for HTK
HTK-R 5=-CCTGCAGGTCGACTCTAGAGCCTCGCCGAAGGCGGGAA-3= PCR for HTK
Seq_F 5=-GCGTTGTTGAAGAAGAGCTGGG-3= PCR for sequencing
Seq_R 5=-CTTTAGGGGGAGGACAGGCTTC-3= PCR for sequencing
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Protein expression and purification by size exclusion chromatography. For protein expression,
Rosetta 2 (DE3) pLysS E. coli cells were transformed with pET11a-TTHA0328 and grown in lysogeny broth
(LB) medium (37) at 37°C at 200 rpm to an optical density at 600 nm (OD600) of 0.5. Protein expression
was induced by the addition of 0.4 mM isopropyl-�-D-1-thiogalactopyranoside, and cells were further
incubated at 37°C at 200 rpm for 4 h. Cells were harvested by centrifugation, resuspended in lysis buffer
(50 mM Tris-HCl, 150 mM NaCl, pH 7.5), and disrupted by sonication. Cell debris was removed by
centrifugation at 15,000 � g for 10 min at 4°C. The supernatants were incubated at 60°C for 30 min to
deactivate proteins derived from E. coli. They were then recentrifuged at 15,000 � g for 10 min at 4°C,
and the supernatants were used as the crude lysates.

The lysates were purified by gel filtration chromatography using ÄKTA protein purification systems
(GE Healthcare Life Sciences, USA). HiLoad Superdex 200 pg (120 ml, 1.6 cm by 60 cm; GE Healthcare Life
Sciences, USA) was equilibrated with 3 column volumes of the mobile phase (50 mM Tris HCl, 150 mM
NaCl, pH 7.5). The crude lysates were injected and eluted with the mobile phase at the flow rate of 0.8
ml/min. Fractions of 1 ml were collected.

Purified protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad, USA).
The homogeneity of the purified proteins was confirmed by 12% SDS-PAGE, which were then used in
subsequent experiments.

Detection of nicotinamidase activity by HPLC analysis. Nicotinamidase activity was determined
using HPLC analysis by measuring the conversion of nicotinamide to nicotinate (38). The Prominence
HPLC system (Shimadzu, Japan) was used. The samples (10 �l) were separated using COSMOSIL 5 C18

AR-II columns (Nacalai Tesque, Japan) with the mobile phase (9% of methanol, 1% of acetic acid, and 0.05
M KH2PO4) at the flow rate of 0.6 ml/min. The absorbance profile at 264 nm was monitored, and the
nicotinate concentration was determined by integrating the area of the corresponding peak.

Enzyme assay. The enzymatic activity was determined using 2 nM enzyme and 1 mM nicotinamide.
The samples were collected every 5 min and the reactions were quenched by the addition of an equal
volume of 0.6 M HCl. The conversion of 1 �mol of substrate per minute was defined as one unit of
activity, and the specific activity was described as units per milligram of purified protein.

To determine the optimal pH for enzymatic activity, the enzyme reactions were performed at 60°C
in buffer solutions with different pHs {50 mM MES [2-(N-morpholino)ethanesulfonic acid] and 150 mM
NaCl for pH 6.0 and 7.0; 50 mM HEPES and 150 mM NaCl for pH 7.0, 7.5, 8.0, and 8.5; and 50 mM CHES
(N-cyclohexyl-2-aminoethanesulfonic acid) and 150 mM NaCl for pH 8.5, 9.0, 9.5, and 10.0}. To determine
the optimal temperature, enzymatic activity was measured in 50 mM CHES and 150 mM NaCl (pH 9.0)
at different temperatures (30, 40, 50, 60, 65, 70, 75, 80, and 90°C). For thermostability, the enzyme was
preincubated for 1 h at different temperatures (60, 70, 80, 90, and 100°C), and then the activity was
measured in 50 mM CHES and 150 mM NaCl at 65°C. The kinetic parameters of the enzyme were
determined using 0.2 nM enzyme in 50 mM CHES and 150 mM NaCl at 65°C with different concentrations
of nicotinamide (10, 20, 30, 40, 50, 80, 100, and 200 �M).

Phylogenetic tree. The phylogenetic tree was constructed using either of the three types of
sequences: (i) model proteins in the cd00431 sequence cluster, cysteine hydrolases (1), (ii) protein
sequences for which the activity was experimentally characterized as nicotinamidase (also used for
multiple alignment), or (iii) protein sequences for which the activity was experimentally characterized as
isochorismatase (UniProt accession number P0ADI4 from E. coli, Q7DC89 from Pseudomonas aeruginosa,
P0C6D3 from Vibrio cholerae, and Q6W4P9 from Vibrio anguillarum). A neighbor-joining phylogenetic tree
was visualized using iTOL (39) after clustering by Clustal Omega.

Deletion of TTHA0328 in T. thermophilus HB8. Deletion of TTHA0328 in T. thermophilus was
performed as previously described (40). For construction of the deletion plasmid, the gene encoding HTK
and both the upstream and downstream genomic regions flanking TTHA0328 were applied by PCR with
the following oligonucleotide pairs: HTK-F/HTK-R, U-F/U-R, and D-F/D-R. These DNA fragments were
assembled and inserted into a BamHI-digested pUC19 plasmid (TaKaRa Bio, Japan) by the In-Fusion HD
cloning kit (Clontech, USA). The DNA mixture was used for the transformation of E. coli DH5�, and the
plasmid was extracted from the ampicillin-resistant cells.

For the gene deletion, T. thermophilus cells were cultured at 70°C at 160 rpm in TT (T. thermophilus)
liquid medium (0.8% polypeptone, 0.4% yeast extract, 0.2% NaCl, 0.4 mM MgCl2, 0.4 mM CaCl2, pH 7.2).
For the transformation, 500 �l of this culture was supplemented with 20 �l of the deletion plasmid (�5
�g) at an OD600 of 0.6 and further cultured for 2 h. The transformants were selected on TT gellan gum
plates (1.5% gellan gum) with 50 �g/ml of kanamycin. For confirmation of the gene deletion in the
chromosome, genomic DNA was extracted with the Wizard genomic DNA purification kit (Promega, USA)
from kanamycin resistant transformants and then amplified with the oligonucleotide pair Seq-F/Seq-R.
PCR products were purified with the Wizard Plus SV Minipreps DNA purification system (Promega, USA)
and then sequenced with the oligonucleotides Seq-F and Seq-R (FASMAC, Japan) for confirmation of the
gene deletion.

Enzyme activity of the crude extracts from T. thermophilus. T. thermophilus cells were grown in
TT liquid medium at 70°C at 160 rpm. Since this organism is reported as a polyploid bacterium (41), the
cultivation of the ΔTTHA0328 deletion strain was performed with the supplementation of 50 �g/ml of
kanamycin to avoid the occurrence of cells without the TTHA0328 deletion. Cells were harvested by
centrifugation at 4,000 � g, were washed once, and were then resuspended in the reaction buffer (50
mM Tris-HCl, 150 mM NaCl, pH 7.5) at a concentration of 200 mg (wet weight) of cells/ml. Cells were
disrupted by sonication and centrifuged again, and the crude lysate was collected. The reaction mixtures
(containing 50 �l of the lysate and 1 mM nicotinamide in the reaction buffer) were incubated at 65°C,

Nicotinamidase from Thermus thermophilus Journal of Bacteriology

September 2017 Volume 199 Issue 17 e00359-17 jb.asm.org 9

https://www.ncbi.nlm.nih.gov/protein/P0ADI4
http://www.uniprot.org/uniprot/Q7DC89
https://www.ncbi.nlm.nih.gov/protein/P0C6D3
http://www.uniprot.org/uniprot/Q6W4P9
http://jb.asm.org


and samples were collected every 5 min. Enzymatic activity was determined by HPLC analysis, and the
specific activity was described as units per milligram of total protein.

Growth experiment for T. thermophilus. T. thermophilus WT and ΔTTHA0328 deletion strains were
precultured at 70°C in the chemically defined medium (42) (see Table S1 in the supplemental material)
and inoculated at an OD600 of 0.1 into fresh medium with or without supplementation of 100 �M
nicotinate. For cultivation of the ΔTTHA0328 deletion strain, 50 �g/ml of kanamycin was used. The OD600

was measured with appropriate dilution.
Measurement of intracellular concentration of NAD�/NADH at different temperatures. The

intracellular concentration of NAD�/NADH was measured using the cycling assay as previously described
with modifications (21). Briefly, cells were grown in the chemically defined medium with or without
supplementation of 100 �M nicotinate and harvested at the late-exponential phase (OD600 of 1) by
centrifugation at 15,000 � g for 1 min at 4°C. Cells were washed twice with ice-cold phosphate-buffered
saline (pH 7.4) and stored at �80°C until further use. For the NAD�/NADH quantification assay, cells were
resuspended with deionized water to an OD600 of 10 and incubated on ice for 5 min. Cell debris was
removed by centrifugation at 15,000 � g for 5 min at 4°C, and 10 �l of the supernatants was used for
quantification. The assay was performed on a 96-well microplate using the microplate reader GENios
(TECAN, Switzerland). The reaction mixtures (200 �l) were composed of 100 mM BICIN buffer (pH 8.0),
10% (vol/vol) ethanol, 4 mM EDTA (pH 8.0), 0.42 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), 3.32 mM phenazine methosulfate, 5 U yeast alcohol dehydrogenases II
(Oriental Yeast Co., Ltd., Japan), and the sample. The increase of absorption at 595 nm was continually
monitored for 5 min, and the concentration of NAD�/NADH was calculated based on the NAD� standard
curve.
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